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Listeria monocytogenes and Shigella flexneri are unrelated bacterial pathogens 
that have independently evolved similar strategies of survival within an in- 

213 



, Annual Reviews 

I www.annualreviews.org/aronline 

214 INTRACELLULAR BACTERIAL PATHOGENS 

fected host animal. Bacteria coming into contact with the surface of an epi- 
thelial cell induce cytoskeletal rearrangements resulting in phagocytosis. They 
then secrete enzymes that degrade the phagosomal membrane, releasing the 
bacteria into the host cell cytoplasm. Intracytoplasmic bacteria move rapidly, 
in association with a "comet tail" made up of host cell actin filaments. When 
moving bacteria reach the cell margin, they push out long protrusions with the 
bacteria at the tips that are then taken up by neighboring cells, allowing the 
infection to spread from cell to cell. This review summarizes what is currently 
known about the interactions between the bacteria and the host at each stage 
of the infection and discusses what mammalian cell biologists can learn by 
studying bacterial pathogens. 

INTRODUCTION 

One difficulty in mammalian cell biology is the frequent lack of appropriate 
agents for manipulating basic cell processes. Traditionally, cell biologists have 
relied heavily on pharmacology, but drugs are rarely perfectly specific in their 
actions, and for many interesting cell behaviors, no useful drugs are available. 
Few mammalian systems are amenable to classical genetic analysis. Recently 
developed reverse genetic techniques have been used productively, but these 
generally require prior identification and molecular cloning of a protein of 
interest, and often some prior understanding of its function. One relatively 
underexplored area that can provide more tools for investigators is the inter- 
action between pathogenic microorganisms and their mammalian hosts. The 
study of viral reproduction has helped us more completely to understand 
mammalian host cell processes ranging from the replication of DNA to the 
sorting of plasma membrane proteins. Similarly, studies of bacterial and eu- 
karyotic parasites can yield a wealth of information about the host The idea 
that cell biologists can make use of pathogenic organisms to study basic cellular 
processes has recently spread. Recently, a volume of the series Methods in 
Cell Biology was entirely devoted to the use of microbial pathogens (Russell 
1994). In this article, I focus on bacterial pathogens and how they can help us 
to understand the workings of the mammalian cell cytoskeleton. 

The manifestation of disease is rarely due simply to the presence of bacteria 
infecting a human. Rather, symptoms are caused by the response of host cells 
to specific signals generated by the bacteria. In order to cause disease, then, a 
pathogenic bacterium must be an excellent cell biologist, able to communicate 
with host cells and manipulate their behaviors. Pathogenic bacteria have co- 
evolved with their hosts and fine-tuned their interactions, and human cell 
biologists can learn much about basic mammalian cell activities by watching 
how bacteria have learned to interfere with them. 
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What Can Cell Biologists Learn from Studying Bacterial 
Pathogens? 

One well-known example of a crucial advance cell biologists owe to patho- 
genic bacteria is the elucidation of the functions of heterotrimeric G proteins 
associated with hormone receptors. Cholera toxin, produced by Vibrio chol- 
erae, ADP-ribosylates G^, the G protein subunit that activates adenylyl cy- 
clase in response to hormonal signaling through (^-adrenergic receptors. 
ADP-ribosylated G sa is unable to hydrolyze its bound GTP, and therefore 
constitutively activates adenylyl cyclase, resulting in an overproduction of 
cyclic AMP and eventally leading to the ion imbalance and water loss of 
choleral diarrhea (Lai 1980). Although the binding of epinephrine to (J-adren- 
ergic receptors normally activates adenylyl cyclase, the same hormone binding 
to a2-adrenergic receptors causes adenylyl cyclase inhibition. ce2-Adrenergic- 
mediated inhibition is unaffected by cholera toxin, although it is abolished by 
pertussis toxin, produced by Bordetella pertussis, the causative agent of 
whooping cough. The reason for this difference was made clear by the dis- 
covery of a distinct G protein subunit, G ia , that associates with a2-adrenergic 
receptors and inhibits adenylyl cyclase, and can be ADP-ribosylated and in- 
activated by pertussis toxin. The activity of G ict had been inferred from a variety 
of indirect experiments, but the identification of the pertussis toxin substrate 
was the first direct evidence for its existence (Katada & Ui 1982a,b). The 
characteristic effects of cholera toxin and pertussis toxin are considered im- 
portant criteria for the involvement of G proteins in a signaling pathway 
(Gilman 1987), and these two toxins continue to be standard reagents in 
laboratories studying cell signaling. 

The use of purified secreted toxins is only one possible contribution of 
pathogenic bacteria to cell biology. It is often possible to use the living bacteria 
themselves as probes for more complex processes. Contact between a patho- 
genic bacterium and a host cell may lead to various dramatic host-cell re- 
sponses from rapid cytoskeletal rearrangements, to long-term transcriptional 
changes, and even programmed cell death. Presentation of the bacteria is a 
method to manipulate these host cell behaviors in a highly reproducible way. 
Many bacteria are amenable to genetic analysis, and bacterial factors required 
for particular specific effects on the host cell usually can be identified. These 
can provide a molecular handle for identifying host cell proteins directly 
involved in the regulated behavior. 

Types of Interactions Between Pathogenic Bacteria and Host 
Cells 

Bacterial colonization of a host does not automatically lead to disease; the 
bacteria must elicit specific responses from some particular host cells. Many 
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bacteria exert their primary effect on the cells of the immune system, for 
example, by causing inflammation or macrophage activation. In this review, 
I rely mostly on examples of interactions between bacteria and intestinal 
epithelial cells in order to emphasize how their interactions are relevant to 
general cell biology. A useful overview of the pathogenesis of all these exam- 
ples can be found in Salyers & Whitt (1994). Several different paradigms of 
interaction exist that can be characterized as advancing levels of intimacy in 
the host-parasite contact 

At one extreme, it is possible for pathogenic bacteria to exert a specific 
effect on intestinal epithelial cells without colonizing the host or coming into 
direct contact with host cells. Two examples are food poisoning caused by 
Clostridium botulinum and Staphylococcus aureus. In both cases, the bacteria 
grow in contaminated food and secrete exotoxins. When the food is consumed 
by a susceptible host, the toxins cause enteric symptoms with or without the 
presence of the bacteria. 

The next level of contact is when bacteria colonize the surface of host cells 
and grow there without causing contact-mediated host-cell responses. For 
example, Vibrio cholerae can adhere to the mucosal surface of the small 
intestine and multiply, although the presence of the bacteria does not directly 
induce any alteration in the morphology of the host cells. In this case, the 
specific effects on the signaling apparatus of the host cells are still primarily 
caused by secreted soluble toxins despite the proximity of the bacteria them- 
selves. 

Some pathogens do cause contact-mediated morphological changes in the 
host cell. Enteropathogenic Escherichia coli adhere closely to the epithelial 
cell apical surface and cause effacement of the microvilli. Dense accumulations 
of actin filaments and actin-associated proteins are found underneath closely 
adhering bacteria, forming a pedestal structure that seems to embrace the 
bacteria without engulfing them. Attachment of these bacteria to the cell 
surface causes destruction of one type of cytoskeletal structure (microvilli) and 
creation of a distinct type (pedestals). These complex and specific rearrange- 
ments are directed by the bacteria while they remain external to the host cell 
and communicate through the host cell plasma membrane; direct contact be- 
tween the bacterial surface and the host cell surface is required. 

In contrast to these examples of bacteria that interact with host cells while 
remaining outside of them, a variety of pathogens actually live inside the 
cells of the infected host. To enter the host cells, the bacteria must elicit 
phagocytosis by cells that are not normally phagocytic. This also requires 
that the bacteria induce rearrangements of the host cell cytoskeleton and 
remodeling of the cell surface by transmembrane signaling. One widely 
studied example of this class of bacteria is Salmonella typhimurium, which 
survives and multiplies within a membrane-bound compartment after it is 
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phagocytosed by the cell. This is a common strategy of pathogenic bacteria, 
also shared by Mycobacterium tuberculosis (the causative agent of tubercu- 
losis) and Yersinia pestis (the causative agent of plague), among many others. 
All these pathogens have developed strategies either to prevent the fusion of 
their initial compartment with lysosomes or to survive in the hostile envi- 
ronment of the phagolysosome. 

At the extreme of closest host-parasite contact, a few types of intracellular 
bacterial pathogens gain access to and grow directly in the cytoplasm of the 
host cell, rather than remaining within a membrane-bound compartment. The 
two most often studied members of this class are Listeria monocytogenes 
and Shigella flexneri. The remainder of this review focuses on what is known 
about the pathogenesis of these two examples, with particular emphasis on 
the interactions between the bacteria and the host cell actin cytoskeleton. 

OVERVIEW OF HOST CELL/PATHOGEN INTERACTION 
CYCLE FOR L. MONOCYTOGENES AND S. FLEXNERI 

S. flexneri is a gram-negative bacterium closely related to E. coli. L monocy- 
togenes is gram positive, and has been separated from S. flexneri for millions 
of years of evolution. S. flexneri is a common cause of bacillary dysentery in 
areas lacking a clean water supply. L, monocytogenes can cause serious infec- 
tions including meningitis in immunocompromised people, newborns, and 
pregnant women, and is usually contracted after eating heavily contaminated 
food. The two diseases have no obvious similarity beyond the oral route of 
transmission. However, the interactions of these bacteria with the cells of the 
infected host share remarkable similarities. 

Both bacteria are intracellular pathogens and members of the subset that 
grow primarily in the cytoplasmic compartment of infected host cells. The 
pathway by which these organisms gain access to the host cell interior and 
spread between cells is diagrammed in Figure 1. Bacteria coming into contact 
with the surface of an epithelial cell induce cytoskeletal rearrangements re- 
sulting in phagocytosis. They then secrete enzymes that degrade the endocytic 
membrane, releasing the bacteria free in the host cell cytoplasm. Once in the 
cytoplasm, the bacteria begin to grow and divide and are soon coated with a 
cloud of host cell actin filaments. After some time, this symmetric cloud is 
rearranged into a polar comet tail made up of short, cross-linked actin filaments 
(Figure 2). Bacteria associated with comet tails move rapidly throughout the 
host cell (Figure 3). When moving bacteria reach the cell margin, they keep 
moving, pushing out long finger-like protrusions with the bacteria at the tips. 
These protrusions are apparently recognized and phagocytosed by neighboring 
cells, allowing the infection to spread from cell to cell. Because the bacteria 
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not applicable ipaB 



Figure I Interactions between L monocytogenes or S. flexneri and a host cell. Actin filament 
accumulations are marked by shaded areas. Bacterial genes known to be involved in each step are 
summarized at the right. 



are never outside of the cytoplasm, they are not attacked by the host humoral 
immune system. 

Genetic investigations by a number of laboratories have identified bacterial 
genes involved in most stages of this process (Figure 1). The organization 
of virulence genes in the two organisms is quite different; L monocytogenes 
carries all its known virulence determinants on the bacterial chromosome 
(Michel & Cossart 1992), whereas the majority of S. flexneri virulence genes 
are found on the large plasmid associated with all pathogenic Shigella strains 
and enteroinvasive K coli (Kopecko et al 1985, Yoshikawa & Sasakawa 
1991). There is generally no identifiable sequence similarity between L 
monocytogenes virulence genes and their S. flexneri equivalents. The two 
organisms seem to have independently evolved their similar styles of inter- 
action with host cells. The genetic basis of pathogenesis has been recently 
reviewed for L monocytogenes (Portnoy et al 1992a, Sheehan et al 1994) 
and S. flexneri (Yoshikawa & Sasakawa 1991, Hale 1991, Sansonetti 1991). 
Therefore, in this review I focus on the points of interaction between the 
infecting bacteria and their eukaryotic hosts and what is known about the 
cell biology of each step. 



Annual Reviews 

wvwv.annualreviews.org/aronline 



THERIOT 219 




Figure 2 Thin-section electron micrograph from an infected tissue culture cell showing L 
monocytogenes associated with an actin-rich comet tail. Micrograph courtesy of M Siebert. 

ENTRY INTO HOST CELL AND ESCAPE INTO 
CYTOPLASM 

S.flexneri and L monocytogenes have developed strategies of survival within 
an infected animal that require their access to the cytoplasm of the host cells. 
Initial infection of the gut epithelium requires entry into the colonic epithelial 
cells. Entry can be summarized as three sequential steps: first attachment of 
the bacteria to the host cell surface, then internalization of the bacteria by the 
host cell, and finally degradation of the endocytic membrane, which allows 
the bacteria to enter the cytoplasm. 
Attachment and Internalization 

These two organisms share with many other intracellular pathogens the ability 
to induce uptake by cells that are not normally phagocytic (reviewed in Falkow 
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Figure 3 Movement of L monocytogenes inside 
an infected tissue culture cell. Four frames are 
shown from a video sequence, separated by 30-s 
intervals. Individual bacteria are black oblongs, 
comet tails are visible as phase-dense streaks be- 
hind the moving bacteria. 



1991, Falkow et al 1992, Rosenshine & Finlay 1993). Parasite-directed phago- 
cytosis generally requires that the bacteria first adhere to the surface of the 
host cell and then induce cytoskeletal rearrangements resulting in engtilfment. 

L monocytogenes appear to enter intestinal epithelial cells through the apical 
side. Prior to internalization, the attachment of the bacteria to the cell surface 
causes modification of the structure of the microvilli (Karunasagar et al 1994). 
The protein internalin, the product of the inlA gene, is required for both 
attachment and uptake. Mutant strains in which the gene has been disrupted 
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cannot invade cells. Expression of the protein in the nonpathogenic species L 
innocua confers on it the ability to (inefficiently) invade tissue culture cells 
(Gaillard et al 1991). It is probable that other L monocytogenes gene products 
contribute to this process. As is true of most phagocytic events, actin polym- 
erization is required for bacterial entry (Gaillard et al 1987). The host cell 
receptors that recognize internalin have not been identified, and little is known 
about the downstream signaling events that result in phagocytosis. It has 
recently been reported that mitogen-activated protein (MAP) kinase is stimu- 
lated in the host cell when L. monocytogenes adhere to the surface and that 
inhibitors of tyrosine kinases block bacterial uptake (Tang et al 1994). How 
L monocytogenes attachment activates MAP kinase and how the kinase con- 
tributes to cytoskeletal rearrangements and bacterial entry have yet to be 
determined. 

S.flexneri cannot efficiently enter cells through the apical pole but do enter 
readily through the basolateral pole (Mounier et al 1992). In an infected animal, 
the bacteria must find a way through the tight junctions between cells of the 
intestinal epithelium to access their basolateral regions. Recent evidence sug- 
gests that local inflammation and polymorphonuclear leukocyte transmigration 
through the gut epithelium, induced by the presence of S.flexneri on the apical 
surface, can sufficiently disrupt the tight junctions to allow bacteria to pass 
through (Perdomo et al 1994a,b). Actin polymerization is required for S. 
flexneri invasion into cells (Hale et al 1979), and myosin is accumulated at 
the site of bacterial attachment (Clerc & Sansonetti 1987). 

The genetic basis of invasion is substantially more complex for S. flexneri 
than for L. monocytogenes. Multiple genes in the ipa operon are required for 
S.flexneri entry into epithelial cells. The highly antigenic secreted Ipa protein 
products lack a standard signal sequence and require a complex, specialized 
secretory apparatus to exit the bacterium. Many mutations in genes of the mxi 
and spa operons, which encode this virulence-factor secretion apparatus, cause 
S. flexneri to become noninvasive because of their effects on Ipa protein 
secretion (Andrews et al 1991, Allaoui et al 1992b, 1993; Venkatesan et al 
1992). The virulence-specific secretory pathway of S.flexneri has homologues 
in both Yersinia and Salmonella species, but the pathway is absent in E. coli 
(Maurelli 1994). This has made it difficult to express Ipa proteins in a func- 
tional form in E. coli, and the functional analysis of these proteins has been 
limited. Some information about the roles of the four Ipa proteins has been 
obtained with the use of nonpolar mutants. IpaA is a major antigen in infected 
hosts, but strains failing to express it appear to be fully invasive, and its function 
is unknown. In contrast, strains lacking any of IpaB, IpaC, and IpaD are unable 
to enter tissue culture cells, although they can adhere to the cell surface 
(Menard et al 1993). Thus IpaB, IpaC, and IpaD must be directly or indirectly 
required for parasite-mediated phagocytosis, but the initial attachment of bac- 
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ieria to the host cell requires other unidentified factors. IpaB and IpaC form a 
heterocomplex after secretion. They are prevented from prematurely associat- 
ing with one another in the bacterial cytoplasm by the binding of IpgC, a 
distinct protein that appears to act as a molecular chaperone for IpaB and IpaC. 
Bacteria lacking IpgC cannot invade epithelial cells, presumably because IpaB 
and IpaC are not properly secreted in its absence (M6nard et al 1994). The 
host cell receptors for IpaB, IpaC, and/or IpaD have not been identified, and 
the mechanism by which the S.flexneri proteins induce the cytoskeletal rear- 
rangements that result in phagocytosis is unknown. 

Escape from Membrane-Bound Compartment 
Once the infecting bacteria have been internalized by a host cell, they must 
escape from the phagosome to gain access to the cytoplasmic environment. 
As mentioned above, numerous pathogenic bacteria have developed strategies 
for survival and growth in the phagosome or phagolysosome, but L. monocy- 
togenes and S. flexneri are not able to multiply within the membrane-bound 
compartment (Gaillard et al 1987, High et al 1992). Both organisms, therefore, 
produce enzymes that partially degrade the phagocytic membrane, allowing 
the bacteria to enter the cytoplasm. 

Listeriolysin 0 was the first virulence factor identified for L. monocytogenes 
(Gaillard et al 1986). It is very similar to other members of its family of 
pore-forming hemolysins of which the best known is streptolysin O (Smyth & 
Duncan 1978). Strains that do not produce listeriolysin 0 are taken up by 
mammalian cells but generally remain within the phagosome (Gaillard et al 
1987, Kuhn et al 1988) and are essentially avirulent in animal models (Gaillard 
et al 1986, Kathariou et al 1987, Portnoy et al 1988). Transfer of the gene 
encoding listeriolysin O, hly, into Bacillus subtilis confers both hemolytic 
activity and the ability to enter and grow within the cytoplasm of macrophage- 
like tissue culture cells (Bielicki et al 1990). 

It is surprising that intracellular bacteria can express high levels of a pore- 
forming hemolysin without killing their host cells by perforating the plasma 
membrane. The enzymatic activity of listeriolysin 0 is highest at acidic pH 
such as is found in endosomal compartments but lower at neutral (cytoplasmic) 
pH (Geoffroy et al 1987); this low pH optimum is not shared by other members 
of the hemolysin family, which are generally active over a broader pH range. 
In an infected cell, it would be expected that the activity of listeriolysin 0 is 
high when the bacteria are first in the acidifying phagocytic vacuole and is 
lower when the bacteria have escaped into the cytoplasm, so the secreted 
enzyme ruptures the endosomal membrane without rupturing the plasma mem- 
brane. Consistent with this idea, B. subtilis or L monocytogenes expressing 
perfringolysin 0 in place of listeriolysin 0 are able to escape the endosome 
and replicate briefly in the cytoplasm, but the infected cells soon die (Portnoy 



Annual Reviews 

www.annualreviews.org/aronIine 



THERIOT 223 



et al 1992b, Jones & Portnoy 1994). The evolution of the pH-sensitive liste- 
riolysin O from its pH-insensitive relatives is one example of how L mono- 
cytogenes has "learned" enough about mammalian cell biology to enhance its 
survival in the host. 

In addition to listeriolysin O, L monocytogenes also secretes two phospholi- 
pases, a phosphatidylinositol-specific phospholipase C encoded by pick (Le- 
imeister-Wachter et al 1991, Mengaud et al 1991a) and a broad-range phos- 
pholipase C encoded by plcB (Vazquez-Boland et al 1992).p/o4 was initially 
thought to be a critical virulence gene because strains carrying transposon 
insertions in that gene are essentially avirulent and incapable of invading tissue 
culture cells (Camilli et al 1991, Mengaud et al 1991a). The avirulence of 
these strains, however, was not due to the disruption of plcA, but rather to a 
polar effect on a downstream gene prfA, which encodes a transcriptional 
activator necessary for the positive regulation of all other known virulence 
genes including My (Leimeister-Wachter et al 1990, Mengaud et al 1991b). 
Subsequent experiments using in-frame internal deletions have shown that the 
phosphatidylinositol-specific phospholipase C is not generally required for 
entry into cells but that it may assist in rapid exit from the phagocytic vacuole 
in primary mouse macrophages (Camilli et al 1993). Expression of the L 
monocytogenes phosphatidylinositol-specific phospholipase C in L innocua 
does not confer the ability to escape into the cytoplasm, but it does allow the 
bacteria to replicate for a few generations within the phagolysosome, suggest- 
ing that it may partially disrupt the phagocytic membrane enough to prevent 
immediate bacterial killing but not enough to allow bacterial exit (Schwan et 
al 1994). 

S.flexneri also possess a contact-mediated hemolytic activity (Sansonetti et 
al 1986) that is enhanced at acidic pH (Clerc et al 1986). Strains with disrup- 
tions in the ipaB gene (described above as being important in directing para- 
site-mediated phagocytosis) are unable to escape from the phagosomes of 
macrophage-like cells and lack contact hemolytic activity (High et al 1992). 
IpaB is not similar in sequence to the streptolysin 0 family of hemolysins, nor 
to any other known hemolysins (Baudry et al 1988), and its enzymatic activity 
is unknown. It is not yet clear whether other S. flexneri gene products act with 
IpaB to enable disruption of the phagocytic membrane and escape of the 
bacteria into the host cell cytoplasm. 

Neither S. flexneri nor L. monocytogenes appears to require specialized 
genes for survival in the cytoplasm once they have escaped from their initial 
membrane-bound compartments. Indeed, the mammalian cytoplasm appears 
to be a good medium for bacterial growth. The doubling rate of the bacteria 
in infected cells is similar to the rate in rich broth. B. subtilis and E. coli 
obviously do not normally encounter cytoplasm, but if they are given access 
to it (by expressing the necessary proteins from L monocytogenes or S.flexneri, 



] Annual Reviews 

|| www.annualreviews.org/aronline 

224 INTRACELLULAR BACTERIAL PATHOGENS 



respectively) they are capable of multiplying there (Bielicki et al 1990, San- 
sonetti et al 1983). Furthermore, many auxotrophic L monocytogenes mutants 
grow in cytoplasm at normal rates, and are virulent (Marquis et al 1993). It is 
not clear why so few pathogenic bacteria have developed infection strategies 
that include growth directly in host cell cytoplasm. 



INTERACTIONS WITH THE ACTTN CYTOSKELETON 
AND MOVEMENT OF BACTERIA THROUGH THE 
CYTOPLASM 

Once the bacteria are in the host cell cytoplasm, they require some form of 
motility to efficiently spread within and between infected cells. Bacterial 
flagella would not be useful for movement through the extremely viscous 
cytoplasm. As with any cellular organelle, intracellular bacteria are expected 
to require association with the cytoskeleton in order to move. In theory, the 
bacteria might move around within a single cell by tracking along preexisting 
cytoskeletal structures such as microtubules or actin stress fibers. Intracellular 
S.flexneri have been observed to move parallel to actin stress fibers in cultured 
. avian fibroblasts (Vasselon et al 1991), but it is not clear how important this 
type of movement is in vivo. The majority of intracytoplasmic movement 
performed by L. monocytogenes and S.flexneri is due to the bacterially induced 
formation of phase-dense, actin-rich comet tails (Figures 2, 3) (Bemardini et 
al 1989, Pal et al 1989, Tilney & Portnoy 1989, Mounier et al 1990, Dabiri et 
al 1990). Rapid movement of the bacteria at the front of the comet tails allows 
efficient spread throughout an infected cell and also results in the formation 
of protrusions that are necessary for cell-to-cell spread. 

Structure and Components of the Actin-Rich Comet Tail 
The comet tail structures have been intensively studied by several laboratories 
over the past few years, largely prompted by the thorough election microscopic 
study of intracellular L monocytogenes by Tilney & Portnoy (1989). This 
study demonstrated that actin filaments initially coat the bacteria in symmetric 
clouds, but as the bacteria grow in the cytoplasm over the first few hours of 
infection, the clouds rearrange to form asymmetric tails. Bacterial division 
seems to be involved in the evolution of tail asymmetry. Even early in infection, 
there are more actin filaments associated with the poles of a dividing bacterium 
than with its middle. Thus as the two daughter cells break apart, one pole of 
each (the old pole) is associated with a nascent comet tail, while the other pole 
(the new pole) is denuded of actin filaments (Tilney & Portnoy 1989). Simi- 
larly, when the movement of newly divided bacteria is observed using videomi- 
croscopy, the two daughter cells invariably move in opposite directions, with 
the newly formed pole leading (JA Theriot, unpublished observations). 
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After a few rounds of bacterial division in the infected host cell, most 
intracytoplasmic bacteria are associated with the asymmetric comet tails (Til- 
ney & Portnoy 1989), and typically up to 80% of the bacteria in a cell are 
moving (Theriot et al 1994). The filaments appear to be only loosely oriented 
in the tail meshwork, although there is some preference for the filaments to 
align parallel to the long axis of the tail at the bacterial surface and along the 
shell of the tail (Zhukarev et al 1995). Actin filaments in the comet tails are 
generally short, with an average length of approximately 0.3 Jim (about 100 
monomers) (Tilney & Portnoy 1989) (Figure 3). When these filaments are 
decorated with the S 1 head fragment of skeletal muscle myosin, the arrowheads 
formed by SI most often point away from the bacteria; this indicates that the 
rapidly growing barbed end of the polar actin filament is associated with the 
bacterial surface (Tilney et al 1992). In most mammalian nonmuscle cells, 
approximately half the actin is polymerized in filamentous form and half is in 
monomeric form at any given time (Korn 1978, Heacock & Bamburgh 1983). 
The pool of sequestered actin monomers is prevented from polymerizing by 
monomer-binding proteins including profilin and thymosin P 4 (reviewed in 
Fechheimer & Zigmond 1993). Regulated desequestration of actin monomers 
can allow filament growth during rapid cytoskeletal rearrangements (reviewed 
in Theriot 1994). In theory, the actin filaments of the L. monocytogenes comet 
tail could either be recruited from other filamentous structures in the cell or 
assembled by de novo actin polymerization in the tail. Filaments stabilized by 
the fungal toxin phailoidin cannot be recruited into newly forming tails (Sanger 
et al 1995), thus the tails are apparently generated by actin polymerization 
from the monomer pool. 

A variety of actin-associated proteins are found in the comet tails associated 
with L monocytogenes and 5. flexneri. These proteins include tropomyosin 
(Dabiri et al 1990), the actin filament bundling proteins a-actinin (Dabiri et 
al 1990) and fimbrin (Prevost et al 1992, Kocks & Cossart 1993), and the 
adhesion plaque proteins vinculin and talin (Kadurugamuwa et al 1991, Dold 
et al 1994). There are probably many other actin-associated proteins enriched 
in the tails, possibly including factors that bind to and cap the barbed or pointed 
ends of the filaments (Tilney et al 1992). It is difficult to determine which of 
these actin filament-binding proteins are required for tail formation and mo- 
tility, and which are present simply because of their affinity for actin. It seems 
reasonable to assume that at least some of the cross-linking proteins are 
necessary to create and maintain the structure of the tail. In the case of L 
monocytogenes, it has recently been demonstrated that microinjection of pro- 
teolytic fragments of a-actinin into infected cells causes dissolution of tails 
and cessation of bacterial movement (Dold et al 1994). Actin filament clouds 
are still associated with the bacteria, but the microinjected a-actinin fragments 
block filament cross-linking, and without this component of tail formation, 
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movement cannot be generated. The actin monomer-binding protein profilin 
and the actin filament-associated vasodilator-stimulated phosphoprotein 
(VASP) are the only known host proteins localized at the bacterial surface that 
are not present throughout the rest of the tail (Theriot et al 1994, Chakraborty 
et al 1995); profilin and VASP may be involved in actin filament nucleation 
or growth (see below). 

Actin Filament Dynamics in the Comet Tail 
It was not clear from the static electron microscope pictures alone whether the 
comet tails are stable structures that move through the cytoplasm with the 
bacteria, or whether the filaments in the tail remain stationary in the cytoplasm, 
growing at the front of the tail and depolymerizing elsewhere. Subsequent 
dynamic experiments have supported the second hypothesis. Filaments in the 
tails of moving bacteria, marked by fluorescence photoactivation, remain sta- 
tionary in the cytoplasm as the bacteria move away (Theriot et al 1992). 
Furthermore, exogenous actin monomers are preferentially incorporated into 
the tails near the bacterial surface, both in living and in permeabilized cells 
(Sanger et al 1992, Tilney et al 1992). Quantitative analysis of these experi- 
ments indicates that the rate of actin filament growth at the bacterial surface 
can entirely account for the movement rates observed and that actin polym- 
erization does not occur anywhere else in the comet tail. 

Actin filaments in the tail have an average half-life of 30 s to 1 min (Theriot 
et al 1992, 1994; Sanger et al 1992, Nanavati et al 1994). The rate of actin 
filament loss is independent of position in the tail and of bacterial speed 
(Theriot et al 1992); this stochastic filament disappearance results in an expo- 
nential decay of filament density in the tail both in time and in space (Theriot 
et al 1992, 1994). As a bacterium stops moving, the filaments in the tail 
continue to disappear at the same rate, resulting in an apparent shortening of 
the tail. Generally, filament turnover is regulated by the steady-state behavior 
of the actin cytoskeleton of the host cell and is not significantly affected by 
the rate of bacterially directed filament growth at the front end. Thus rapidly 
moving bacteria tend to be associated with longer tails because they move 
further away from a newly created segment of the tail before it disappears 
(Theriot et al 1992, Sanger et al 1992). L monocytogenes actin-based motility 
can be reconstituted in cytoplasmic extracts made from the eggs of the clawed 
frog Xenopus laevis. Comet tails formed in cell-free cytoplasmic extracts 
behave essentially identically to those in intact cells (Theriot et al 1994). The 
simplest model of actin filament dynamics in the comet tail of L. monocyto- 
genes, consistent with all the observations, is diagrammed in Figure 4. 

The dynamic behavior of actin filaments in comet tails associated with 
Shigella flexneri has not been as thoroughly studied. Preliminary results sug- 
gest that S, flexneri comet tails are very similar to those of L monocytogenes 
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actin depolymeriffltion 
randomly throughout tail 

^ ^ ^ ^ 



actin polymerization 
at barbed ends near 
bacterial surface 



highest filament density 



j actin filaments remain stationary | bacteritrm m oves 

Figure 4 Diagram of actin filament dynamics in L monocytogenes comet tails. Short actin 
filaments are recruited to or nucleated at the bacterial surface and are rapidly elongated at their 
barbed ends. The growing filaments are incorporated into a tail structure that is stationary in the 
cytoplasm, where they become coated and cross-linked by actin-binding proteins. The rate of 
bacterium movement is equal to the rate of actin filament growth at the front end of the tail. The 
filaments depolymerize randomly and rapidly. 



with respect to filament density distribution and rate of turnover (Goldberg & 
Theriot 1995). Furthermore, L monocytogenes and S. flexneri infecting the 
same line of tissue culture cells move over an identical range of speeds (JA 
Theriot, unpublished observations). These observations are consistent with the 
hypothesis that actin filament polymerization occurs only adjacent to the 
bacterial surface in the case of S. flexneri movement as well as for L mono- 
cytogenes. It is reasonable to conclude that steady-state host cytoskeletal dy- 
namics rather than specific bacterially directed regulation control the tail arch- 
itecture and behavior and that this behavior is essentially identical between S. 
flexneri and L monocytogenes. Therefore, the role of the bacteria is to trigger 
a process that is inherent to the steady-state regulation of actin filament dy- 
namics in the infected host cells, but this process may be triggered in slightly 
different ways by the two different organisms (see below). 



Bacterial Products Involved in Motility 

Because actin filament polymerization occurs only immediately adjacent to 
the bacterial surface, it is reasonable to assume that factors secreted by the 
bacterium or expressed on the bacterial surface direct polymerization. Both 5. 
flexneri and L. monocytogenes can continue to move in infected tissue culture 
cells for several hours in the presence of drugs that inhibit bacterial protein 
synthesis (Tilney et al 1992, Goldberg et al 1994). Therefore, it is likely that 
the host cytoskeleton associates with a stable surface-bound bacterial protein 
rather than a continually secreted factor. In principle, the bacterial protein may 
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act by nucleating actin filaments, by locally uncapping barbed ends of preex 
isting filaments, by promoting rapid filament elongation (perhaps by locallj 
desequestering actin monomer), or by providing a binding site for a hos 
cytoskeletal protein that performs one of these functions. 

Transposon mutagenesis has been used in both organisms to identify viru 
lence factors that are important for their associations with the actin cytoskele 
ton. In L monocytogenes, mutant strains in which the actA gene has beei 
disrupted by insertions (Kocks et al 1992, Domann et al 1992) or in-frami 
internal deletion (Brundage et al 1993) can invade cells and grow normally 
but are unable to associate with actin and are significantly deficient in cell-to 
cell spread and virulence. actA encodes a transmembrane protein with a stand 
ard signal sequence at the amino terminus and a membrane anchor domaii 
near the carboxy terminus (Kocks et al 1992, Domann et al 1992). Insid< 
infected cells, the protein is completely associated with the bacterial surface 
it is not found throughout the comet tails (Niebuhr et al 1993, Kocks et a 
1993). The ActA protein becomes phosphorylated at several sites by kinase 
in the infected host cell (Brundage et al 1993). The function of this phospho 
rylation is unknown. 

Along with the phenotype of actA-deficient mutant strains, several othe 
lines of evidence suggest that ActA is directly involved in the association o 
L monocytogenes with the host cell actin cytoskeleton. ActA is distributed ii 
a gradient on the surface of L monocytogenes, growing in broth or in infectet 
host cells. In infected cells, the end of the bacterium with the higher concen 
tration of ActA is invariably the end associated with the comet tail. On dividinj 
bacteria, ActA is specifically depleted from the septation zone, so the proteii 
is most highly concentrated at the old pole of a newly separated daughter eel 
(Kocks et al 1993). This pattern of ActA redistribution through bacteria 
division is similar to the pattern of actin filament redistribution described abovi 
(Tilney & Portnoy 1989). An unexplained disparity between actin and Act/ 
localization is that ActA is polarized even on bacteria grown ouside of hos 
cells, whereas initially the actin clouds around bacteria in infected cells an 
symmetric. When the ActA protein is expressed in mammalian cells, it local 
izes primarily to mitochondria (Pistor et al 1994). It is tempting to speculati 
that this preferential localization is because the mitochondria still retain somt 
of the localization machinery derived from their bacterial endosymbiont an 
cestors. The actin cytoskeletons in ActA-transfected mammalian cells an 
abnormal, with foci of polymerized actin around the mitochondria (Pistor e 
al 1994). Conclusive proof that ActA is the bacterial protein primarily respon 
sible for L monocytogenes actin-based motility came with the recent demon 
strations that the protein expressed either in the nonpathogenic L. innocw. 
(Kocks et al 1 995) or in purified form (Smith et al 1 995) is sufficient to produci 
comet tail formation and actin-based motility in cytoplasmic extracts. Asym 
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metric distribution of the protein is important for the efficient generation of 
comet tails and actin-dependent movement (Smith et al 1995). 

The amino acid sequence of ActA shows no overall similarity to that of any 
other known protein. There are some short stretches that show a low degree 
of homology to known cytoskeleton-associated proteins including vineulin and 
caldesmon (Domann et al 1992, Kocks et al 1992; reviewed in Sheehan et al 
1994), but it is not yet known whether these homologies are of any functional 
significance. Upon inspection of the sequence, the most striking structural 
feature of the ActA protein is a short repeated peptide rich in proline and acidic 
residues (Kocks et al 1992). Microinjection of a synthetic peptide correspond- 
ing to one proline-rich repeat of ActA into infected cells stops bacterial move- 
ment (Southwick & Purich 1994). This effect may be due to nonspecific effects 
of the peptide on the actin cytoskeleton, because microinjection of any other 
agent that disrupts normal actin dynamics also causes movement to cease 
(Sanger et al 1995). A systematic study of a series of internal deletion mutants 
has revealed that there are two separable domains of ActA required for inter- 
action with the actin cytoskeleton: the first for filament nucleation, and the 
second for rapid actin filament dynamics and efficient tail formation. The 
second domain includes the entire proline-rich region of the protein and is also 
necessary for the association of profilin with the surface of intracellular bac- 
teria (GA Smith, JA Theriot & DA Portnoy, in preparation). These results are 
consistent with the suggestion that profilin is involved in rapid filament growth 
at the bacterial surface (Theriot et al 1994), although there is still no evidence 
that profilin can bind directly to the proline-rich region of ActA. It is not yet 
known whether a host actin nucleating protein associates with the first domain 
of ActA, or whether this domain might by itself have some nucleating activity 
in the cytoplasmic environment. ActA does not appear to be sufficient to induce 
nucleation of pure actin. 

There is no direct evidence that any L monocytogenes genes other than actA 
contribute to the association with actin or comet tail formation. A single strain 
generated by transposon mutagenesis has been reported to retain the ability to 
nucleate actin filaments in the cytoplasm of infected cells without efficiently 
forming comet tails (Kuhn et al 1990). This observation suggests that a second 
bacterial product is required for tail formation, but this is difficult to reconcile 
with the fact that ActA alone is sufficient to generate cytoplasmic comet tails 
in heterologous systems (Smith et al 1995, Kocks et al 1995). The site of 
transposon insertion in this interesting mutant strain has not been reported. 

The icsA gene (also called virG) in S. flexneri is the functional equivalent 
of actA. Mutant strains in which this gene has been disrupted are competent 
to invade host cells and multiply, but they form microcolonies in the cytoplasm 
and do not spread between cells (Makino et al 1986, Bernardini et al 1989). 
Despite their phenotypic similarity, there is no detectable sequence homology 
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between IcsA and ActA. IcsA is an outer membrane protein with a standard 
signal sequence; unlike the Ipa proteins it does not require the virulence-spe- 
cific secretion apparatus to be properly expressed on the cell surface. Expres- 
sion of IcsA is regulated at the transcriptional level by the bacterial growth 
phase, such that higher levels of IcsA are expressed when the bacteria are 
dividing rapidly (Goldberg et al 1994). Similarly, within infected cells, move- 
ment of the bacteria is ceD-cycle dependent and most likely to be initiatec 
while the bacteria are dividing (Prevost et al 1992, Goldberg et al 1994). £ 
coli expressing IcsA (and no other S.flexneri-specific proteins) are capable ol 
generating actin-rich comet tails and moving in cytoplamic extracts (Goldberg 
& Theriot 1995, Kocks et al 1995). Therefore, IcsA is the primary S.flexner. 
protein responsible for actin-based motility. The mechanisms of interactior 
between IcsA and the host cell cytoskeleton have not been determined. Purifier. 
IcsA has been reported to show a low level of ATPase activity (Goldberg e 
al 1993), but it is not known how this is involved in its function. IcsA is { 
potential substrate for cAMP-dependent kinase in the host cell. Alteration ol 
the putative phosphorylation site does not result in an inhibition of bacteria: 
motility, indeed, the bacteria spread somewhat more efficiently (d'Hauteville 
& Sansonetti 1992). 

Like ActA, IcsA is a member of the small class of bacterial surface proteins 
(reviewed in Maddock et al 1993) that are distributed in a polarized fashior 
(Figure 5) (Goldberg et al 1993). S. flexneri strains that are deficient ir 
synthesis of the O-antigen of lipopolysaccharide are unable to properly polarizt 
IcsA (Sandlin et al 1995) and are deficient in tail formation, actin-basec 
motility, and cell-to-cell spread, although they can nucleate actin filamem 
clouds (Rajakumar et al 1994, Sandlin et al 1995). When IcsA is expressed ir 
K coli, it is distributed uniformly over the entire surface, and these bacteriE 
are substantially less likely to form comet tails than are intracytoplasmic S. 
flexneri (Goldberg & Theriot 1995). Thus polar expression of IcsA requires 



Figure 5 Asymmetric distribution of IcsA on the surface of S. flexneri: (a) indirec 
immunofluorescence, (b) phase-contrast. Arrows mark dividing bacteria. Micrograph courtesy a 
M Goldberg. 
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O-antigen and possibly other factors not expressed by E. coli and may be 
involved in the efficient formation of the asymmetric comet tail, 

L monocytogenes and S.flexneri seem to have independently evolved simi- 
lar solutions to the problem of generating actin-based motility in host cell 
cytoplasm. Both express a single surface protein (ActA or IcsA) that interacts 
with the actin cytoskeleton and is more highly concentrated at one pole of the 
bacterium. The bacterial proteins need only to induce asymmetric nucleation 
and rapid elongation of actin filaments at the bacterial surface; the comet tail 
structure is then formed by actin cross-linking proteins in the host cell cyto- 
plasm. Because IcsA and ActA show no sequence similarity, it is likely that 
the two proteins act by tapping into different steps along a common actin-regu- 
latory pathway. 

Generation of Force and Movement 

It is still an open question how the actin filament rearrangements dictated by 
these bacterial surface proteins lead to force generation and motility. There 
are at least two plausible models. In the first, a molecular motor protein such 
as a myosin is bound to the bacterial surface. As actin filaments grow with 
their barbed ends pointing towards the bacterium, the barbed end-directed 
motor activity of the myosin pushes the bacterium away from the growing tail. 
This opens up space for further polymerization to occur. The rate of bacterial 
movement generated by the motor protein cannot outrun the rate of polymeri- 
zation of the actin filament tracks. No evidence has been found for the asso- 
ciation of myosin II with either the bacterial surface or the comet tail (Dabiri 
et al 1990), but it is possible that one or more of the many myosin I and myosin 
V isoforms present in mammalian cells (reviewed in Cheney et al 1993) may 
associate with the bacteria. There are as yet no other biological actin-dependent 
force-generating systems that have been conclusively proven to involve no 
myosins. 

The second model is that actin filament polymerization itself provides the 
force for bacterial propulsion. Because actin is an ATPase, and ATP hydrolysis 
is associated with monomer addition onto a filament end, it is theoretically 
possible that polymerization may generate mechanochemical force (Hill & 
Kirschner 1982), but the mechanism of force generation is not obvious. An 
interesting explanation has been suggested by Peskin et al (1993). According 
to this "Brownian ratchet" hypothesis, the tail would act to rectify the random 
thermal movements of the bacterium, preventing backward diffusion but per- 
mitting forward diffusion. Occasionally, the excursion of the bacterium would 
be large enough to permit addition of another actin monomer onto the end of 
preexisting filaments; this would result in a new equilibrium position for the 
bacterium. The irreversibility of the system is guaranteed by the actin ATPase. 
Given reasonable assumptions about the concentration of monomer available 
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and the cytoplasmic viscosity, the rates of L monocytogenes and S. flexneri 
movement observed are well within the possible range for this mechanism. 
One objection to this explanation is that the rate of bacterial movement does 
not appear to be directly related to the density of filaments in the tail (Nanavati 
et al 1994). It is not yet possible to distinguish between the two models. 
Resolution of this question may await full reconstitution of bacterial actin- 
based motility using only purified proteins. 

CELL-TO-CELL SPREAD 

In an infected host animal, the major function of bacterial actin-based motility 
appears to be an increase in efficiency of cell-to-cell spread. However, for the 
bacteria to actually reach the cytoplasm of a neighboring cell, several other 
events must follow the initiation of intracellular motility. First, the moving 
bacteria must form protrusions that allow them to move some distance from 
the bulk of the infected cell. Next, the protrusions must invade a neighboring 
cell. Finally, the bacteria must degrade the double membrane separating them 
from the cytoplasm of the second cell. Again, this sequence of events requires 
close cooperation between the pathogen and the infected host cell. 

Formation of Protrusions 

When locomoting bacteria reach the edge of the cell, they often push out 
membrane-bound protrusions without significantly slowing. This indicates that 
the deformation of the plasma membrane is not energetically costly. Although 
cell surfaces are usually fairly rigid, the rigidity is due to the underlying 
actin-rich cortex and not to the membrane itself. Thus a latex bead adhering 
to membrane proteins can be pulled away from the surface of a cell to create 
a thin cylindrical membrane protrusion, as long as the membrane proteins are 
not anchored to the actin cytoskeleton (Schmidt et al 1993). The protrusions 
formed by motile S. flexneri and L monocytogenes can be very long, up to 
tens of micrometers in infected macrophages, although typically membrane 
protrusions pulled out with latex beads "snap back" within a few micrometers. 
This raises the possibility that the bacteria may need to specifically recruit 
extra membrane to the surface of the protrusions. 

No mutant strains of either L monocytogenes or S. flexneri have been 
described that are capable of making comet tails but not protrusions. Thus it 
is likely that the close interactions between the comet tail and the membrane 
in protrusions are mediated by host cell proteins rather than bacterial proteins. 
These interactions may involve the adhesion plaque proteins vinculin and talin, 
which are present along protrusions (Kadurugamuwa et al 1991, Dold et al 
1994), and other yet unidentified actin- and membrane-binding proteins. 5. 
/fe^nm-infected cells that do not express calcium-dependent cell adhesion 
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molecules cannot make structurally normal protrusions (Sansonetti et al 1994), 
which supports the hypothesis that components of the cell adhesion apparatus 
contribute to the architecture of the protrusions. 

Endocytosis of Protrusions by Neighboring Cells 
Entry of the bacteria-containing protrusions into nearby cells essentially 
amounts to one cell phagocytosing a bit of its neighbor. Because such an event 
would not occur under normal circumstances, we might expect that the bacteria 
are altering the extracellular surface of the protrusion in some way to induce 
the second cell to initiate phagocytosis. However, there is no evidence that 
this is the case. It is possible that the force generated by the bacterium moving 
at the tip of the protrusion is sufficient to push it into the second cell, in what 
might be thought of as an inverted protrusion event In a tissue culture model 
of S. flexneri spread, calcium-dependent cell adhesion molecules must be 
present on both the sending and the receiving cell for efficient uptake of the 
protrusions, thus close adhesive contacts between the two cells do appear to 
be necessary (Sansonetti et al 1994). 

Lysis of Double Membrane 

Once the protrusions have been taken up by the neighboring cell, the bacteria 
are separated from the cytoplasm of the second host cell by two membranes: 
the plasma membrane of the first cell, with its cytoplasmic leaflet toward the 
bacteria, and the plasma membrane of the second cell. The membrane topog- 
raphy is different from that originally faced by the bacteria as they were 
internalized by the first cell; there, the host cell plasma membrane external 
leaflet was facing toward the bacteria. Because the complement of lipids and 
proteins exposed by the cytoplasmic leaflet is different from that exposed by 
the external leaflet, it is not surprising that the bacteria require different 
enzymes to disrupt the double endosome than they did to disrupt the original 
single endosome. 

In L monocytogenes, the broad-spectrum phospholipase encoded by plcB 
is important for the lysis of the double bilayer. Mutant strains in which plcB 
has been disrupted tend to accumulate in a double-membrane compartment 
(Vasquez-Boland et al 1992). The phospholipase is secreted in an inactive 
form and must be activated by a specific secreted metalloprotease, encoded 
by mpl (Domann et al 1991, Mengaud et al 1991c). It is likely that listeriolysin 
0 also contributes to the secondary escape. Once the bacteria have entered the 
cytoplasm of the second cell, they are again able to associate with actin 
filaments, and the cycle of intra- and intercellular spread continues. 

In S. flexneri, two genes specifically involved in cell-to-cell spread have 
been identified: icsB on the large virulence plasmid (Allaoui et al 1992a) and 
vacJ on the bacterial chromosome (Suzuki et al 1994). Mutants deficient in 
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the product of either gene tend to accumulate in the double-membrane com- 
partment. The enzymatic activities of these two proteins are not known; neither 
shows any significant homology to the broad-spectrum phospholipase C of L 
monocytogenes. 

Induction of Apoptosis 

When infectious bacteria are taken up by a host cell, they detect the change 
in their environment and respond by altering the transcriptional levels of 
multiple virulence genes. This communication works in both directions; the 
presence of the bacteria also alters transcription of some genes in the infected 
host cell. S.flexneri is capable of initiating events in the host cell that lead to 
apoptosis, with the typical morphological changes and DNA degradation seen 
in other examples of programmed cell death (Zychlinsky et al 1992). In the 
intestine of an infected animal, this results in rapid death of the phagocytes 
and other cells, which contributes to the abcess formation characteristic of 
Shigella dysentery. ipaB is required for causing host cell apoptosis as well as 
for internalization and escape from the membrane-bound compartment, but 
ipaC and ipaD are not apparently involved (Zychlinsky et al 1994). It is not 
known how IpaB (and possibly other S.flexneri proteins) initiate the apoptotic 
process. There is no evidence that L monocytogenes is capable of inducing 
host cell apoptosis. 

CONCLUSIONS: WHAT CAN L. MONOCYTOGENES AND 
S. FLEXNERI TEACH US ABOUT THE CELL BIOLOGY 
OF THE CYTOSKELETON? 

L monocytogenes and S. flexneri are only two examples of widely studied 
bacterial pathogens, but they can offer insights into long-standing problems in 
several areas of cyoskeletal cell biology. At their initial contact with host cells, 
they signal through the host plasma membrane to cause actin rearrangements 
resulting in phagocytosis, even if the cells are not normally phagocytic or do 
not normally produce protrusive actin structures. This phenomenon may be a 
useful model system for other types of transmembrane signaling that result in 
cytoskeletal rearrangements, including chemotaxis and pathfinding by neurite 
growth cones. Different types of bacterial pathogens are able to use transmem- 
brane signaling to elicit morphologically and dynamically distinct actin struc- 
tures in the same host cells; for example, L monocytogenes induce phago- 
cytosis, Salmonella spp. cause dramatic ruffling, and enteropathogenic E. coli 
induce pedestal formation, all on intestinal epithelial cells. By understanding 
the signaling used by the bacteria we may learn about the ways mammalian 
cells can respond appropriately to different external cues, even though they all 
elicit actin polymerization near the membrane. 
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The actin-based movement of intracytoplasmic L monocytogenes and S. 
flemeri has already become a widely used model system for whole cell mo- 
tility. The biochemical investigation of lamellipodial and filopodial protrusion 
has been hampered by the obligatory role of the cell plasma membrane in 
generating the structures and producing force. The movement of the bacteria, 
however, has been reconstituted in cell-free cytoplasmic extracts and should 
be more amenable to traditional biochemical techniques. Additionally, now 
that a single bacterial protein from each species has been identified as being 
sufficient to generate actin-based motility, the bacterial proteins can be used 
as molecular handles to identify the rest of the motile machinery. 

Formation of protrusions by the bacteria may be a useful model for inter- 
actions between the actin cytoskeleton and the plasma membrane. Several 
examples of actin-membrane contacts have been very well studied, including 
adhesion plaques and microvilli. However, relatively little is known in mam- 
malian non-erythrocyte cells about how actin filament structures generally 
attach to the cell membrane. The rapidly forming bacterial protrusions may 
provide some novel information. 

These are only two of the better-understood examples of bacterial pathogens 
that have drastic effects on host cell actin. Other infectious bacteria have 
developed different strategies for interacting with host cells. The study of 
host-pathogen interactions will continue to yield new approaches to solve old 
and intractable problems in cell biology, as more human cell biologists begin 
to listen to the ancient knowledge of the infectious bacterium. 

Acknowledgments 

I am grateful to Tim Mitchison, Dan Portnoy, Greg Smith, Marcia Goldberg, 
Pascal Goldschmidt-Clermont, George Oster, and Pascale Cossart for helpful 
discussions and communication of unpublished material; to Peg Siebert for 
providing Figure 2, and to Marcia Goldberg for providing Figure 5. Work in 
my laboratory is supported by the National Institutes of Health and the W. M. 
Keck Foundation. 



Any Annual Review chapter, as well as any article ched in an Annual Review chapter, 
may be purchased from the Annual Reviews Preprints and Reprints service. 
1-800-347-S007; 415-259-5017; email: arpr@ctass*rg 



Literature Cited 



Allaoui A, Mounier J, Prevost MC, Sansonetti 
PJ, Parsot C. 1992a. icsB; a Shigella flexneri 
virulence gene necessary for the lysis of pro- 
trusions during intercellular spread. Mol. Mi- 
crobiol. 6:1605-16 

Allaoui A, Sansonetti PJ, Parsot C. 1992b. 



MxiJ, a lipoprotein involved in secretion of 
Shigella Ipa invasins, is homologous to YscJ, 
a secretion factor of the Yersinia Yop pro- 
teins./ Bacterid. 174:7661-69 
Allaoui A, Sansonetti PJ, Parsot C. 1993. 
MxiD, an outer membrane protein necessary 



Annual Reviews 

w w w . annu aire v ie ws .org/aronl ine 



236 INTRACELLULAR BACTERIAL PATHOGENS 



for the secretion of the Shigella flexneri Ipa 
invasins. Mol. Microbiol. 7:59-68 

Andrews GP, Hromockyj AE, Coker C, 
Maurelli AT. 1991. Two novel virulence 
loci, mxiA and mxiB, in Shigella flexneri 2a 
facilitate excretion of invasion plasmid anti- 
gens. Infect. Immun. 59:1997-2005 

Baudry B, Kaczorek M, Sansonetti PJ. 1988. 
Nucleotide sequence of the invasion plasmid 
antigen B and C genes (ipaB and ipaQ of 
Shigella flexneri. Microbial Pathog. 4:345- 
57 

Bernardini ML, Mounier J, d'Hauteville H, Co- 
quis-Rondon M, Sansonetti PJ. 1989. Identi- 
fication of icsA, a plasmid locus of Shigella 
flexneri that governs bacterial intra- and in- 
tercellular spread through interaction with 
F-actin. Proc. Natl. Acad. Set. USA 86:3867- 
71 

Bielecki J, Youngman P, Connelly P, Portnoy 
DA. 1990. Bacillus sublilis expressing a 
haemolysin gene from Listeria monocyto- 
genes can grow in mammalian cells. Nature 
345:175-76 

Brundage RA, Smith GA, Camilli A, Theriot 
JA, Portnoy DA. 1993. Expression and phos- 
phorylation of the Listeria monocytogenes 
ActA protein in mammalian cells. Proc. 
Natl. Acad. Sci. USA 90:11890-94 

Camilli A, Goldfine H, Portnoy DA. 1991. Lis- 
teria monocytogenes mutants lacking phos- 
phatidylinositol-specific phospholipase C 
are avirulent. /. Exp. Med. 173:751-54 

Camilli A, Tilney LG, Portnoy DA. 1993. Dual 
roles of plcA in Listeria monocytogenes 
pathogenesis. Mol. Microbiol. 8:143-57 

Chakraborty T, Ebel T, Domann E, Niebuhr K, 
Gerstel B, et al. 1995. A focal adhesion fac- 
tor directly linking intracellulary motile Lis- 
teria monocytogenes and Listeria ivanovii to 
the actin-based cytoskeleton of mammalian 
cells. EMBO J. 14:1314-21 

Cheney RE, Riley MA, Mooseker MS. 1993. 
Phylogenetic analysis of the myosin super- 
family. Cell Motil Cytoskelet. 24:215-23 

Clerc P, Baudry B, Sansonetti PJ. 1986. Plas- 
mid-mediated contact haemolytic activity in 
Shigella species: correlation with penetration 
into HeLa cells. Ann. Inst. Pasteur Micro- 
biol. 3:267-78 

Clerc P, Sansonetti PJ. 1987. Entry of Shigella 
flexneri into HeLa cells: evidence for di- 
rected phagocytosis involving actin polym- 
erization and myosin accumulation. Infect. 
Immun. 55:2681-8 

Dabiri GA, Sanger JM, Portnoy DA, Southwick 
FS. 1990. Listeria monocytogenes moves 
rapidly through the host-cell cytoplasm by 
inducing directional actin assembly. Proc. 
Natl. Acad. Sci. USA 87:6068-72 

d'Hauteville H, Sansonetti PJ. 1992. Phospho- 
rylation of IcsA by cAMP-dependent protein 
kinase and its effect on intracellular spread 



of Shigella flexneri. Mol. Microbiol. 6:833- 
41 

Dold FG, Sanger JM. Sanger JW. 1994. Intact 
alpha-actinin molecules are needed for both 
the assembly of actin into the tails and the 
locomotion of Listeria monocytogenes inside 
infected cells. Cell Motil. Cytoskelet. 28:97- 
107 

Domann E, Leimeister-Wachter M, Goebel W, 
Chakraborty T. 1991. Molecular cloning, se- 
quencing, and identification of a metallopro- 
tease gene from Listeria monocytogenes that 
is species specific and physically linked to 
the listeriolysin gene. Infect. Immun. 59:65- 
72 

Domann E, Wehland J, Rohde M, Pistor S, 
Hartl M, et al. 1992. A novel bacterial viru- 
lence gene in Listeria monocytogenes re- 
quired for host cell microfilament interaction 
with homology to the proline-rich region of 
vinculin. EMBO J. 11:1981-90 

Falkow S. 1991. Bacterial entry intoeukaryotic 
cells. Cell 65:1099-102 

Falkow S, Isberg RR, Portnoy DA. 1992. The 
interaction of bacteria with mammalian cells. 
Annu. Rev. Cell. Biol. 8:331-63 

Fechheimer M, Zigmond SH. 1993. Focusing 
on unpolymerized actin. J. Cell Biol. 123:1- 
5 

Gaillard JL, Berche P, Frehel C, Gouin E, Cos- 
sart P. 1991. Entry of L. monocytogenes into 
ceils is mediated by intemalin, a repeal pro- 
tein reminiscent of surface antigens from 
gram-positive cocci. Cell 65:1127-41 

Gaillard JL, Berche P, Mouneri J, Richard S, 
Sansonetti P. 1987. In vitro model of pene- 
tration and intracellular growth of Listeria 
monocytogenes in the human enterocyte-like 
cell line Caco-2. Infect. Immun. 55:2822-9 

Gaillard JL, Berche P, Sansonetti PJ. 1986. 
Transposon mutagenesis as a tool to study 
the role of hemolysin in the virulence of 
Listeria monocytogenes. Infect. Immun. 52: 
50-5 

Geoffrey C, Gaillard JL, Aloug JE, Berche P. 
1987. Purification, characterization, and tox- 
icity of the sulfhydryl-activated hemolysin 
listeriolysin O from Listeria monocytogenes. 
Infect. Immun. 55:1641^16 

Gilman AG. 1987. G proteins: transducers of 
receptor-generated signals. Annu. Rev. Bio- 
chem. 56:615-49 

Goldberg MB, Barzu O, Parsot C, Sansonetti 
PJ. 1993. Unipolar localization and ATPase 
activity of IcsA, a Shigella flexneri protein 
involved in intracellular movement. /. Bac- 
terid. 175:2189-96 

Goldberg MB, Theriot JA. 1995. Shigella 
flexneri surface protein IcsA is sufficient to 
direct actin-based motility. Proc. Natl. Acad. 
Sci. USA. 92:6572-76 

Goldberg MB, Theriot JA, Sansonetti PJ. 1994. 
Regulation of surface presentation of IcsA, 



Annual Reviews 

www.annualreviews.org/aronline 



THERIOT 237 



a Shigella protein essential to intracellular 
movement and spread, is growth phase de- 
pendent Infect. Immun. 62:5664-68 

Hale TL. 1991. Genetic basis of virulence in 
Shigella species. Microbial. Rev. 55:206-24 

Hale TL, Morris RE, Bonventre PF. 1979. 
Shigella infection of Henle intestinal epi- 
thelial cells: role of the host cell. Infect. Im- 
mun. 24:887-94 

Heacock CS, Bamburg JR. 1983. The quantita- 
tion of G- and F-actin in cultured cells. Anal. 
Biochem. 135:22-36 

High N, Mounier J, Prevost MC, Sansonetti PJ. 
1992. IpaB of Shigella flexneri causes entry 
into epithelial cells and escape from the 
phagocytic vacuole. EMBO J. 1 1:1991-99 

Hill TL, Kirschner MW. 1982. Subunit tread- 
milling of microtubules or actin in the pres- 
ence of cellular barriers: possible conversion 
of chemical free energy into mechanical 
work. Proc. Natl. Acad. Sci. USA 79:490-94 

Jones S, Portnoy DA. 1994. Characterization 
of Listeria monocytogenes pathogenesis in a 
strain expressing perfringolysin 0 in place 
of listeriolysin O. Infect. Immun. 62:5608-13 

Kadurugamuwa JL, Rohde M, Wehland J, Tim- 
mis KN. 1991. Intercellular spread of 
Shigella flexneri through a monolayer medi- 
ated by membranous protrusions and associ- 
ated with reorganization of the cytoskeletal 
protein vinculin. Infect. Immun. 59:3463-71 

Karunasagar I, Senghaas B, Krohne G, Goebel 
W. 1994. infrastructure! study of Listeria 
monocytogenes entry into cultured human 
colonic epithelial cells. Infect. Immun. 62: 
3554-58 

Katada T, Ui M. 1982a. ADP-ribosylation of 
the specific membrane protein of C6 cells by 
islet-activating protein associated with modi- 
fication of adenylate cyclase activity. /. Biol. 
Chem. 257:7210-16 

Katada T, Ui M. 1982b. Direct modification of 
the membrane adenylate cyclase system by 
islet-activation protein due to ADP-ribosyla- 
tion of a membrane protein. Proc. Natl. 
Acad Sci. USA 79:3129-33 

Kathariou S, Metz P. Hog H, Goebel W. 1987. 
Tn916-induced mutations in the hemolysin 
determinant affecting virulence of Listeria 
monocytogenes. J. BacterioL 169:1291-97 

Kocks C, Cossart P. 1993. Directional actin 
assembly by Listeria monocytogenes at the 
site of polar surface expression of the actA 
gene product involving the actin-bundling 
protein plastin (fimbrin). Infect. Agents Dis. 
2:207-9 

Kocks C, Gouin B, Taboruet M, Berche P, 
Ohayon H, Cossart P. 1991 L. monocyto- 
genes-induced actin assembly requires the 
actA gene product, a surface protein. Cell 
68:521-31 

Kocks C, Hellio R, Gounon P, Ohayon H, Cos- 
sart P. 1993. Polarized distribution of Liste- 



ria monocytogenes surface protein ActA at 
the site of directional actin assembly. J. Cell 
Sci. 105:699-710 

Kocks C, Marchand JB, Gouin E, d'Hauteville 
H, Sansonetti PJ, et al. 1995. Induction of 
actin-based propulsion in cell-free extracts 
by the non-related surface proteins ActA of 
L. monocytogenes and IcsA of S. flexneri. 
Mol. Microbiol. Submitted 

Kopecko DJ, Baron LS, Buysse J. 1985. Ge- 
netic determinants of virulence in Shigella 
and dysenteric strains of Escherichia coli: 
their involvement in the pathogenesis of dys- 
entery. Curr. Top. Microbiol. Immunol. 118: 
71-95 

Korn ED. 1978. Biochemistry of actomyosin- 
dependent cell motility. Proc. NatL Acad. 
Sci. USA 75:588-99 

Kuhn M, Kathariou S. Goebel W. 1988. 
Hemolysin supports survival but not entry of 
the intracellular bacterium Listeria monocy- 
togenes. Infect. Immun. 56:79-82 

Kuhn M, Pr6vost MC, Mounier J, Sansonetti 
PJ. 1990. A nonvirulent mutant of Listeria 
monocytogenes does not move intracellu- 
lar^ but still induces polymerization of ac- 
tin. Infect. Immun. 58:3477-86 

Lai CY. 1980. The chemistry and biology of 
cholera toxin. CRC Crit. Rev. Biochem. 9: 
171-206 

Leimeister-Wariiter M, Domann E, Chakra- 
borty T. 1991. Detection of a gene encoding 
a phosphatidylinositol-specific phospholi- 
pase C that is co-ordinately expressed with 
listeriolysin in Listeria monocytogenes. Mol 
Microbiol. 5:361-66 

Leimeister-WSchter M, Haffner C, Domann E, 
Goebel W, Chakraborty T. 1990. Identifica- 
tion of a gene that positively regulates ex- 
pression of listeriolysin, the major virulence 
factor of Listeria monocytogenes. Proc. Natl. 
Acad Sci. USA 87:8336-40 

Maddock JR, Alley MRK, Shapiro L 1993. 
Polarized cells, polar actions. / BacterioL 
175:7125-29 

Makino S, Sasakawa C, Kamata K, Kurata T, 
Yoshikawa M. 1986. A genetic determinant 
required for continuous reinfection of adja- 
cent cells on large plasmid in S. flexneri 2a. 
Cell 46:555-55 

Marquis H, Bouwer HG, Hinrichs DJ, Portnoy 
DA. 1 993. Intracytoplasmic growth and viru- 
lence of Listeria monocytogenes auxotrophic 
mutants. Infect. Immun. 61:3756-60 

Maurelli AT. 1994. Virulence protein export 
systems in Salmonella and Shigella: a new 
family or lost relatives? Trends Cell Biol. 
4:240-42 

Menard R, Sansonetti PJ, Parsot C. 1993. Non- 
polar mutagenesis of the ipa genes defines 
IpaB, IpaC, and IpaD as effectors of Shigella 
flexneri entry into epithelial cells. J. Bacte- 
rioL 175:5899-906 



Annual Reviews 

www.annualreviews.org/aronline 



238 INTRACELLULAR BACTERIAL PATHOGENS 



Menard R, Sansonetti PJ, Parsot C, Vasselon 
T. 1994. Extracellular association and cyto- 
plasmic partitioning of the IpaB and IpaC 
invasins of S. flexneri. Cell 79:515-25 

Mengaud J, Braun-Breton C, Cossart P. 1991a. 
Identification of phosphatidylinositol-spe- 
cific phospholipase C activity in Listeria 
monocytogenes: a novel type of virulence 
factor? Mol. Microbiol. 5:367-72 

Mengaud J, Dramsi S, Gouin E, Vazquez-Bo- 
land JA, Milon G, Cossart P. 1991b. Pleiot- 
ropic control of Listeria monocytogenes 
virulence factors by a gene that is autoregu- 
lated. Mol Microbiol. 5:2273-83 

Mengaud J, Geoffrey C, Cossart P. 1991c. 
Identification of a new operon involved in 
Listeria monocytogenes virulence: its first 
gene encodes a protein homologous to bac- 
terial metalloproteases. Infect. Immun. 59: 
1043-49 

Michel E, Cossart P. 1992. Physical map of the 
Listeria monocytogenes chromosome. /. 
Bacterial. 174:7098-103 

Mounier J, Ryter A, Coquis-Rondon M, San- 
sonetti PJ. 1990. Intracellular and cell-to-cell 
spread of Listeria monocytogenes involves 
interaction with F-actin in the enterocyte- 
like cell line Caco-2. Infect. Immun. 58:' 
1048-58 

Mounier J, Vasselon T, Hellio R, Lesourd M, 
Sansonetti PJ. 1992. Shigella flexneri enters 
human colonic Caco-2 epithelial cells 
through the basolateral pole. Infect. Immun. 
60:237-48 

Nanavali D, Ashton FT, Sanger JM, Sanger 
JW. 1994. Dynamics of actin and alpha-act- 
inin in the tails of Listeria monocytogenes in 
infected PtK2 cells. Cell Motil. Cytoskelet. 
28:346-58 

Niebuhr K, Chakraborty T, Rohde M, Gazlig 
T, Jansen B, et al. 1993. Localization of the 
ActA polypeptide of Listeria monocytogenes 
in infected tissue culture cell lines: ActA is 
not associated with actin "comets." Infect. 
Immun. 61:2793-802 

Pal T, Newland JW, Tall BD, Formal SB, Hale 
TL. 1989. Intracellular spread of Shigella 
flexneri associated with the kcpA locus and 
a 140-kilodalton protein. Infect. Immun. 57: 
477-86 

Perdomo JJ, Cavaillon JM, Huerre M, Ohayon 
H, Gounon P, Sansonetti PJ. 1994a. Acute 
inflammation causes epithelial invasion and 
mucosal destruction in experimental shigel- 
losis. J. Exp. Med. 180:1307-19 

Perdomo JJ, Gounon P, Sansonetti PJ. 1994b. 
Polymorphonuclear leukocyte transmigra- 
tion promotes invasion of colonic epithelial 
monolayer by Shigella flexneri. J. Clin. In- 
vest. 93:633-43 

Peskin CS, Odell GM, Oster GF. 1993. Cellular 
motions and thermal fluctuations — The 
Brownian ratchet. Biophys. J. 65:316-24 



Pistor S, Chakraborty T, Niebuhr K, Domann 
E, Wehland J. 1994. The ActA protein of 
Listeria monocytogenes acts as a nucleate* 
inducing reorganization of the actin cyto- 
skeleton. EMBO J. 13:758-63 

Portnoy DA, Chakraborty T, Goebel W, Cos- 
sart P. 1992a. Molecular determinants of Lis- 
teria monocytogenes pathogenesis. Infect. 
Immun. 60:1263-67 

Portnoy DA, Jacks PS, Hinrichs DJ. 1988. Role 
of hemolysin for the intracellular growth of 
Listeria monocytogenes. J. Exp. Med. 167: 
1459-71 

Portnoy DA, Tweten RK, Kehoe M, Bielecki 
J. 1 992b. Capacity of listeriolysin O, strep- 
tolysin O, and perfringolysin O to mediate 
growth of Bacillus subtilis within mammal- 
ian cells. Infect. Immun. 60:2710-17 

Prevost MC. Lesourd M, Arpin M. Vemel F, 
Mounier J, et al. 1992. Unipolar reorganiza- 
tion of F-actin layer at bacterial division and 
bundling of actin filaments by plastin corre- 
late with movement of Shigella flexneri 
within HeLa cells. Infect. Immun. 60:4088- 
99 

Rajakumar K, Jost BH, Sasakawa C. Okada N, 
Yoshikawa M, Adler B. 1994. Nucleotide 
sequence of the rhamnose biosynthetic op- 
eron of Shigella flexneri 2a and role of 
lipopolysaccharide in virulence. J. Bacteriol. 
176:2362-73 

Rosenshine I, Finlay BB. 1993. Exploitation of 
host signal transduction pathways and cy- 
toskeletal functions by invasive bacteria. 
BioEssays 15:17-24 

Russell DG, ed. 1994. Microbes as Tools for 
Cell Biology. Vol. 45; In series Methods in 
Cell Biology, ed. L Wilson, P Matsudaira. 
San Diego: Academic Press. 339 pp. 

Salyers AA, Whitt DD. 1994. Bacterial Patho- 
genesis: A Molecular Approach. Washing- 
ton, DC: Am. Soc. Microbiol. Press. 418 pp. 

Sancflin RC, Lampel KA, Keasler SP, Goldberg 
MB, Stolzer AL, Maurelli AT. 1995. Aviru- 
lence of rough mutants of Shigella flexneri: 
requirement of O antigen for correct unipolar 
localization of IcsA in the bacterial outer 
membrane. Infect. Immun. 63:229-37 

Sanger JM, Mittal B, Southwick FS, Sanger 
JW. 1995. Listeria monocytogenes intracel- 
lular migration: inhibition by profilin, vita- 
min D-binding protein and DNase I. Cell 
Motil. Cytoskelet. 30:38-49 

Sanger JM, Sanger JW, Southwick FS. 1992. 
Host cell actin assembly is necessary and 
likely to provide the propulsive force for in- 
tracellular movement of Listeria monocyto- 
genes. Infect. Immun. 60:3609-19 

Sansonetti PJ. 1991. Genetic and molecular ba- 
sis of epithelial cell invasion by Shigella spe- 
cies. Rev. Infect. Dis. 13:S285-92 

Sansonetti PJ, HaleTL, DamminGJ, KapferC, 
Collins HH, Formal SB. 1983. Alterations in 



(XI Annual Reviews 

;•' }> www, annualreviews.org/aronhne 



THERIOT 239 



the pathogenicity of Escherichia coli K-12 
after transfer of plasmid and chromosomal 
genes from Shigella flexneri. Infect. Immun. 
39:1392-402 

Sansonetti PJ, Mounier J, Prevost MC, Mege 
RM. 1994. Cadherin expression is required 
for the spread of Shigella flexneri between 
epithelial cells. Cell 76:829-39 

Sansonetti PJ, Ryter A, Clerc P, Maurelli AT, 
Mounier J. 1986. Multiplication of Shigella 
flexneri within HeLa cells: lysis of the 
phagocytic vacuole and plasmid-mediated 
contact hemolysis. Infect. Immun. 51:461-69 

Schmidt CE, Horwitz AF, Lauffenburger DA, 
Sheetz MP. 1993. Integrin-cytoskeletal inter- 
actions in migrating fibroblasts are dynamic, 
asymmetric, and regulated. /. Cell Biol. 123; 
977-91 

Schwan WR, Demuth A, Kuhn M, Goebel W. 
1994. Phosphatidylinositol-specific phos- 
pholipase C from Listeria monocytogenes 
contributes to intracellular survival and 
growth of Listeria innocua. Infect. Immun. 
62:4795-503 

Sheehan B, Kocks C, Dramsi S, Gouin E, 
Klarsfeld AD, et al. 1994. Molecular and 
genetic determinants of the Listeria monocy- 
togenes infectious process. Curr. Top. Mi- 
crobiol. Immunol. 192:187-216 

Smith GA. Portnoy D, Theriot JA. 1995. Asym- 
metric distribution of the Listeria monocyto- 
genes ActA protein is required and sufficient 
to direct actin-based motility. Mol. Micro- 
biol. In press 

Smyth CJ, Duncan JL. 1978. Thiol-activated 
(oxygen-labile) cytolysins. In Bacterial Tox- 
ins and Cell Membranes, ed. J Jeljaszewicz, 
T Wasstrom, pp. 130-83. New York: Aca- 
demic 

Southwick FS, Punch DL. 1994. Arrest of Lis- 
teria monocytogenes movement in host cells 
by a bacterial ActA analog: implications for 
actin-based motility. Proc. Natl. Acad. Sci. 
USA 91:5168-72 

Suzuki T, Murai T, Fukuda I, Tobe T, 
Yoshikawa M, Sasakawa C. 1994. Identifi- 
cation and characterization of a chromoso- 
mal virulence gene, vacj, required for inter- 
cellular spreading of Shigella flexneri. Mol. 
Microbiol. 11:31-41 

Tang P, Rosenshine I, Finlay BB. 1994. Liste- 
ria monocytogenes, an invasive bacterium, 
stimulates MAP kinase upon attachment to 
epithelial cells, Mol. Biol. Cell 5:455-64 



Theriot JA. 1994. Regulation of the actin cy- 
toskeleton in living cells. Sent Cell Biol. 5: 
193-99 

Theriot JA, Mitchison TJ, Tilney LG, Portnoy 
DA. 199Z The rate of actin-based motility 
of intracellular Listeria monocytogenes 
equals the rate of actin polymerization. Na- 
ture 357:257-60 

Theriot JA, Rosenblatt J, Portnoy DA, 
Goldschmidt-Clermont PJ, Mitchison TJ. 
1994. Involvement of profitm in the actin- 
based motility of L monocytogenes in cells 
and in cell-free extracts. Cell 76:505-17 

Tilney LG, De Rosier DJ. Weber A, Tilney MS. 
1991 How Listeria exploits host cell actin 
to form its own cytoskeleton. II. Nucleation, 
actin filament polarity, filament assembly, 
and evidence for a pointed end capper. J. Cell 
Biol. 118:83-93 

Tilney LG, Portnoy DA. 1989. Actin filaments 
and the growth, movement, and spread of the 
intracellular bacterial parasite, Listeria 
monocytogenes. J. Cell Biol. 109:1597-608 

Vasselon T, Mounier J, Prevost MC, Hellio R, 
Sansonetti PJ. 1991. Stress fiber-based 
movement of Shigella flexneri within cells. 
Infect. Immun. 59:1723-32 

Vazquez-Boland JA, Kocks C, Dramsi S, 
Ohayon H, Geoffroy C, et al. 1992. Nucleo- 
tide sequence of the lecithinase operon of 
Listeria monocytogenes and possible role of 
lecithinase in cell-to-cell spread. Infect. Im- 
mun. 60:219-30 

Venkatesan MM, Buysse JM, Oaks EV. 1992. 
Surface presentation of Shigella flexneri in- 
vasion plasmid antigens requires the prod- 
ucts of the spa locus. J. Bacteriol. 174: 
1990-2001 

Yoshikawa M, Sasakawa C. 1991. Molecular 
pathogenesis of shigellosis: a review. Micro- 
biol. Immunol. 35:809-24 

Zhukarev V, Ashton FT, Sanger JM, Sanger 
JW, Shuman H. 1995. Steady state fluores- 
cence polarization study of actin filament 
bundles in Lwteria-infected cells. Cell MotiL 
Cytosketet. 30:229^16 

Zychlinsky A, Kenny B, Menard R, Prevost 
MC, Holland IB, Sansonetti PJ. 1994. IpaB 
mediates macrophage apoptosis induced by 
Shigella flexneri. Mol. Microbiol. 11:619-27 

Zychlinsky A, Prevost MC, Sansonetti PJ. 
1992. Shigella flexneri induces apoptosis in 
infected macrophages. Nature 358:167-69 



! Annual Review of Cell and Developmental Biology 
\ Volume 11 (1995) 



CONTENTS 

Receptor-Mediated Protein Sorting to the Vacuole in Yeast: 

Roles for Protein Kinase, Lipid Kinase, and GTP-Binding 

Proteins, Jeffrey H. Stack, Bruce Horazdovsky, and 

Scott D. Emr 1 
The Biology of Hematopoietic Stem Cells, Sean J. Morrison, 

Nobuko Uchida, and Irving L. Weissman 35 
Vasculogenesis, Werner Risau and Ingo Flamme 73 
The Nucleolus, P. J. Shaw and E. G. Jordan 93 
Keratins and the Skin, Elaine Fuchs 123 
Protein Import into the Nucleus: An Integrated View, 

Glenn R. Hicks and Natasha V. Raikhel 155 
Drosophila Gastrulation: From Pattern Formation to 

Morphogenesis, Maria Leptin 189 
The Cell Biology of Infection by Intracellular Bacterial 

Pathogens, Julie A. Theriot 213 
Biological Atomic Force Microscopy: From Microns to 

Nanometers and Beyond, Zhifeng Shao, Jie Yang, and 

Andrew P. Somlyo 241 
How MHC Class II Molecules Acquire Peptide Cargo: 

Biosynthesis and Trafficking Through the Endocytic Pathway, 

Paula R. Wolf and Hidde L. Ploegh 267 
TCR y8 Cells: A Specialized T Cell Subset in the Immune 

System, J. A. Bluestone, R. Khattri, R. Sciammas, and 

A. I. Sperling 307 
Transcription Factors Responsive to cAMP, 

Paolo Sassone-Corsi 355 
The Molecular Architecture of Focal Adhesions, Brigitte M. 

Jockusch, Peter Bubeck, Klaudia Giehl, Martina Kroemker, 

Jutta Moschner, Martin Rothkegel, Manfred Rudiger, Kathrin 

Schluter, Gesa Stanke, and Jorg Winkler 379 
Nitric Oxide: A Neural Messenger, Sarnie R. Jaffrey and 

Solomon H. Snyder 417 
Heat Shock Transcription Factors: Structure and Regulation, 

Carl Wu 441 



CONTENTS (continued) vii 



Structure and Function of Kinetochores in Budding Yeast, 

A. A. Hyman and P. K. Sorger 471 
Control of Actin Assembly at Filament Ends, 

Dorothy A. Schafer and John A. Cooper 497 
Silencing and Heritable Domains of Gene Expression, 

Stephen Loo and Jasper Rine 519 
Integrins: Emerging Paradigms of Signal Transduction, 

Mark H. Ginsberg, Martin A. Schwartz, and 

Michael D. Schaller 549 
Carbohydrate-Protein Interactions in Vascular Biology, 

Richard M. Nelson, Andre Venot, Michael P. Bevilacqua, 

Robert J. Linhardt, and Ivan Stamenkovic 601 
Unconventional Myosins, Mark S. Mooseker and 

Richard E. Cheney 633 
Cops Regulating Membrane Traffic, Thomas E. Kreis, 

Martin Lowe, and Rainer Pepperkok 677 
Indexes 

Subject Index 707 
Cumulative Index of Contributing Authors, Volumes 7-1 1 724 
Cumulative Index of Chapter Titles, Volumes 7-1 1 726 



